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Abstract
We study effects of the scale invariant hidden sector, unparticle, proposed by Georgi, on
top spin correlation at the Large Hadron Collider. Assuming no flavor changing interaction
between the unparticles and the Standard Model particles, there arises the top-antitop
quark pair production process through virtual unparticle exchanges in the s-channel in
addition to the Standard Model processes. In particular, we consider contributions of
scalar and vector unparticles and find that these make sizable deviations of the top spin
correlation from the Standard Model one.
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1 Introduction
The Standard Model (SM) quite successfully describes phenomena around the electroweak scale.
However, it is widely believed that new physics beyond the SM appears around the TeV scale
or higher. Recently Georgi proposed a conceptually new possibility that a scale invariant new
physics with an infrared fixed point couples to the SM sector [1, 2], based on a specific model
possessing the scale invariance [3]. Interactions between the new physics sector and the SM sector
are realized in the following way. First we introduce couplings between new physics operator OUV
with mass dimension dUV, which is singlet under the SM gauge group, and the SM operator OSM
with mass dimension dSM at a mass scale M
Lint = cn
MdUV+dSM−4
OUVOSM, (1.1)
where cn is a dimensionless constant. It is assumed that new physics sector has an infrared fixed
point at a scale ΛUV, below which the operator OUV matches onto a new (composite) operator OU
with dimension dU through the dimensional transmutation. As a result, the effective interaction
term arises of the form
Lint = cn Λ
dUV−dU
UV
MdUV+dSM−4
OUOSM ≡ λn
ΛdU+dSM−4
OUOSM, (1.2)
where λn is a coupling constant and Λ is an effective cutoff scale of low energy physics. The
operator OU is coined as unparticle. Depending on the nature of new physics operator OUV, the
resulting unparticle may have different Lorentz structure. Three unparticle operators, Lorentz
scalar OU , vector OµU and tensor OµνU , were considered [1] and their two-point functions were
derived by the argument based on the scale invariance [2, 4]. By using them, new phenomena such
as direct unparticle emission processes [1] and virtual unparticle exchange processes [2, 4] were
also discussed. In particular virtual unparticle exchange process is interesting since unparticles
with a possible different spin nature affect spin configuration and angular distribution of outgoing
SM particles.
A suitable candidate to see effects of virtual unparticles exchange is top spin correlations in
the top-antitop pair production process. The top quark with mass range of 175 GeV [5] decays
electroweakly before hadronizing [6], and thus the information of polarization of the top-antitop
quark pair is directly transferred to its decay products without diluting by hadronization. The
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spin correlations for the hadronic top-antitop pair production process have been extensively
studied in the quantum chromodynamics (QCD) [7, 8, 9]. It is then found that there is a spin
asymmetry between the produced top-antitop pairs, namely, the number of produced top-antitop
quark pairs with both spin up or spin down (like pairs) is different from the number of pairs
with the opposite spin combinations (unlike pairs). If the top quark is coupled to new physics
beyond the SM, new physics effects could alter the top-antitop spin correlations. Therefore, the
top-antitop spin correlations can provide useful information to test not only the SM but also
a possible new physics. Effects of new physics on the top-antitop spin correlations have been
studied at the e+e− collider [10] and the photon collider [11]. It should be noticed that the Large
Hadron Collider (LHC) is a promising laboratory to study the top-antitop quark production and
the top spin correlations, since it will produce almost 10 millions of top quarks a year. Effects of
several new physics models such as the Kaluza-Klein gravitons in the brane world models [12, 13]
and Z ′-boson [14] on the top spin correlations at the LHC were studied and sizable deviations of
the top spin correlations from the SM one were found. Also analysis of the top spin correlations
through possible new physics has been performed in a model independent way with the use of
Monte-Carlo simulation [15].
So far there are some studies of effects of unparticles on top-antitop quark pair production
process. The total cross section of top-antitop quark pair production through virtual unparticle
exchanges was studied at hadron colliders [16], the International Linear Collider (ILC) [17] and
the photon collider [18]. For the ILC and the photon collider, the top spin correlation was also
studied [19] [20]. In this paper we investigate effects of scalar and vector unparticles on the top-
antitop pair production and its spin correlations at the LHC. In addition to the SM processes,
the unparticle gives rise to a new contribution for the top-antitop pair production process in the
s-channel through the effective coupling (1.2) and alters the top-antitop pair production cross
section and the top spin correlations from the SM ones.
This paper is organized as follows. In the next section, we briefly review the top spin corre-
lations. In section 3, we give a brief review on the basics of unparticle physics. In section 4, we
derive the invariant amplitudes for the polarized top-antitop pair production processes mediated
by the scalar and vector unparticles. We show the results of our numerical analysis in section 5.
Section 6 is devoted to conclusions. Appendix ensembles formulas used in our calculations.
2
2 Top spin correlation
At hadron collider, the top-antitop quark pair is produced through the processes of quark-
antiquark pair annihilation and gluon fusion:
i→ t + t¯, i = qq¯ , gg. (2.1)
The former is the dominant process at the Tevatron, while the latter is dominant at the LHC.
The produced top-antitop pairs decay before hadronization takes place. The main decay modes
in the SM involve leptonic and hadronic modes:
t→ bW+ → bl+νl , bud¯ , bcs¯, (2.2)
where l = e, µ, τ . The differential decay rates to a decay product f = b, l+, νl, etc. at the top
quark rest frame can be parameterized as
1
Γ
dΓ
d cos θf
=
1
2
(1 + κf cos θf ), (2.3)
where Γ is the partial decay width of the respective decay channel and θf is the angle between
the top quark polarization and the direction of motion of the decay product f . The coefficient κf
called the top spin analyzing power is a constant between −1 and 1. The ability to distinguish
the polarization of the top quark evidently increases with κf . The most powerful spin analyzer
is a charged lepton, for which κl+ = +1 at tree level [21]. Other values of κf are κb = −0.41 for
the b-quark and κνl = −0.31 for the νl, respectively. In hadronic decay modes, the role of the
charged lepton is replaced by the d¯ or s¯ quark.
Now we see how top spin correlations appear in the chain of processes of i→ tt¯ and decay of
the top quarks. The total matrix element squared for the top-antitop pair production (2.1) and
its decay channels (2.2) is given by
|M|2 ∝ Tr[ρRiρ¯] = ρα′αRiαβ,α′β′ ρ¯β′β (2.4)
in the narrow-width approximation for the top quark. Here the subscripts denote the top and
antitop spin indices, and Ri denotes the density matrix corresponding to the production of the
on-shell top-antitop quark pair through the process i in (2.1):
Riαβ,α′β′ =
∑
initial spin
M(i→ tαt¯β)M∗(i→ tα′ t¯β′), (2.5)
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where M(i → tαt¯β) is the amplitude for the top-antitop pair production. The matrices ρ and
ρ¯ are the density matrices corresponding to the decays of polarized top and antitop quarks into
some final states at the top and antitop rest frame, respectively. In the leptonic decay modes,
the matrices ρ, which lead to (2.3), can be obtained as (see, for instance, [22])
ρα′α =M(tα → bl+νl)M∗(tα′ → bl+νl) = Γ
2
(1 + κf~σ · ~qf )α′α, (2.6)
where qf is the unit vector of the direction of motion of the decay product f . The density matrix
for the polarized antitop quark is obtained by replacing κf → −κf in (2.6) if there is no CP
violation. In the SM, there is no CP violation in the top quark decay at the leading order. In
the model presented in the next section, there is no contribution to break CP symmetry at the
leading order, and thus this relation holds.
A way to analyze the top-antitop spin correlations is to see the angular correlations of two
charged leptons l+l− produced by the top-antitop quark leptonic decays. In the following, we
consider only the leptonic decay channels. Using (2.4)-(2.6) and integrating over the azimuthal
angles of the charged leptons, we obtain the following double distribution [7, 8]
1
σ
d2σ
d cos θl+d cos θl−
=
1
4
(1 +B1 cos θl+ +B2 cos θl− − C cos θl+ cos θl−) . (2.7)
Here σ denotes the cross section for the process of the leptonic decay modes, and θl+(θl−) denotes
the angle between the top (antitop) spin axis and the direction of motion of the antilepton (lepton)
at the top (antitop) rest frame. In what follows, we use the helicity spin basis which is almost
optimal one to analyze the top spin correlation at the LHC1. In this basis, the top (antitop) spin
axis is regarded as the direction of motion of the top (antitop) in the top-antitop center-of-mass
system. The coefficients B1 and B2 are associated with a polarization of the top and antitop
quarks, and C encodes the top spin correlations, whose explicit expression is given by
C = Aκl+κl−, κl+ = κl− = 1, (2.8)
where the coefficient A represents the spin asymmetry between the produced top-antitop pairs
with like and unlike spin pairs defined as
A = σ(t↑t¯↑) + σ(t↓t¯↓)− σ(t↑t¯↓)− σ(t↓t¯↑)
σ(t↑t¯↑) + σ(t↓t¯↓) + σ(t↑t¯↓) + σ(t↓t¯↑)
. (2.9)
1 See [23] for the study on another spin basis, which has a larger spin correlation than the helicity basis at the
LHC.
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Here σ(tαt¯β) is the cross section of the top-antitop pair production at parton level with denoted
spin indices.
In the SM, at the lowest order of αs, the spin asymmetry is found to be A = +0.319 for the
LHC2. At the LHC in the ATLAS experiment, the spin asymmetry of the top-antitop pairs will
be measured with a precision of several percent, after one LHC year at low luminosity (10 fb−1)
[27]. This accuracy can enhance the feasibility to find new physics effects at the LHC through
the top spin correlation.
3 Unparticle physics
We briefly review derivations of two-point functions of scalar and vector unparticles, which are
relevant for our analysis. It was argued in [2] that the scale invariance can be used to fix the
two-point function of unparticle operators
〈0|OU(x)O†U(0)|0〉 =
∫
d4P
(2π)2
e−iP ·xρ(P 2), (3.1)
where ρ(P 2) = (2π)2
∫
dλδ4(P − pλ)|〈0|OU |λ〉|2. The spectral function ρ(P 2) is determined by
scale invariance to be ρ(P 2) = AdUθ(P
0)θ(P 2)(P 2)dU−2, where AdU is the normalization factor.
This factor is fixed by identifying ρ(P 2) with dU -body phase space of massless particle to be
AdU =
16π2
√
π
(2π)2dU
Γ(dU + 1/2)
Γ(dU − 1)Γ(2dU) . (3.2)
With the use of the spectral function ρ(P 2) and requiring scale invariance, we can define the
Feynman propagator. The propagator for the scalar unparticle is given by [2]
∆(p) =
iAdU
2 sin(dUπ)
(−p2)dU−2, (3.3)
and similarly for the vector unparticle (with only the transverse mode)
∆µν(p) =
iAdU
2 sin(dUπ)
(−p2)dU−2
(
gµν − p
µpν
p2
)
. (3.4)
2 The parton distribution function set of CTEQ6L [24] has been used in our calculations. The resultant spin
asymmetry somewhat depends on the parton distribution functions used.
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We could also consider the rigid conformal invariance as a symmetry of hidden sector [25, 26].
By requiring conformal invariance, the scalar unparticle propagator remains the same form while
the vector unparticle propagator is modified to
∆µν(p) =
iAdU
2 sin(dUπ)
(−p2)dU−2
(
gµν − 2(dU − 2)
dU − 1
pµpν
p2
)
. (3.5)
In Ref. [26], the theoretical bound of the scaling dimension was obtained from unitarity argument
in this case. The scaling dimension for the scalar unparticle is constrained as dU ≥ 1 while for
the vector unparticle the bound is dU ≥ 3. The vector unparticle interaction with the latter
bound is very suppressed and it would not cause sizable deviation from the SM. In this paper,
we will concentrate on the scale invariant hidden sector, but we will also show some results
for the conformal invariant hidden sector with the scaling dimension dU = 3.01, satisfying the
above-mentioned bound (see Table 1)3.
In the following we list operators composed of SM fields and derivatives which are relevant
in our consideration. Relevant effective interactions of the scalar unparticle with the SM fields
are given by, for gluon
λgg
ΛdU
tr(GµνGµν)OU , (3.6)
where λgg is a constant. For fermions we have (up to dimensionless coefficients),
1
ΛdU
Q¯Lγ
µQL∂µOU , 1
ΛdU
U¯Rγ
µUR∂µOU , 1
ΛdU
D¯Rγ
µDR∂µOU , (3.7)
1
ΛdU
Q¯Lγ
µDµQLOU , 1
ΛdU
U¯Rγ
µDµUROU , 1
ΛdU
D¯Rγ
µDµDROU , (3.8)
where QL is a left-handed quark, and UR(DR) denotes a right-handed up(down)-type quark. The
interactions with fermions can be simplified by utilizing the equation of motion for a fermion
iγµ∂µψ = mfψ, (3.9)
where mf is a fermion mass. Consequently, (3.7) and (3.8) are summarized to be
mQ
ΛdU
Q¯(aSQ + iγ
5bSQ)Q, (3.10)
3 In analysis of the top spin correlations, the term proportional to pµpν in the vector unparticle propagator
is vanishing under the equation of motion for the initial (almost massless) light quark. Therefore, the difference
between the scale invariant and the conformal invariant theories is just the bound for the scaling dimension.
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where Q = U,D are mass eigenstates of quarks, and aSQ and b
S
Q are constants.
Possible interacting terms with the vector unparticle are
1
ΛdU−1
Q¯Lγ
µQL(OU)µ, 1
ΛdU−1
U¯Rγ
µUR(OU)µ, 1
ΛdU−1
D¯Rγ
µDR(OU)µ. (3.11)
They are also simplified as
1
ΛdU−1
Q¯γµ(cQLPL + c
Q
RPR)Q(OU )µ, (3.12)
where cQL and c
Q
R are coupling constants.
4 Amplitudes
In this section we calculate the squared invariant amplitudes for qq¯ → tt¯ and gg → tt¯ processes.
First we consider effect of the scalar unparticle. In this case, we only consider the gg → tt¯ process
for new contribution by the scalar unparticle, because the qq¯ → tt¯ process is proportional to light
quark mass and hence negligible.
Since there is no interference between the QCD and the scalar unparticle mediated processes,
the squared amplitude for the gg → tt¯ process is simply given by
|M(gg→ tt¯)|2 = |MQCD(gg → tt¯)|2 + |MSU(gg → tt¯)|2, (4.1)
where MQCD is the amplitude of the QCD process and MSU is the contribution of the scalar
unparticle. We calculate the helicity decomposition of the above amplitude with respect to the
final top spin polarization. For the squared amplitude for the QCD process with the gg initial
state, we have
|MQCD(gg → t↑t¯↑)|2 = |MQCD(gg → t↓t¯↓)|2
=
g4s
96
Y(βt, cos θ)(1− β2t )(1 + β2t + β2t sin4 θ), (4.2)
|MQCD(gg → t↑t¯↓)|2 = |MQCD(gg → t↓t¯↑)|2 = g
4
sβ
2
t
96
Y(βt, cos θ) sin2 θ(1 + cos2 θ), (4.3)
where gs is the strong coupling constant, βt =
√
1− 4m2t/s, mt is the top quark mass,
√
s is
energy of colliding partons and θ is the scattering angle between incoming quark and outgoing
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top quark. The form of Y(βt, θ) is defined by
Y(βt, cos θ) = 7 + 9β
2
t cos
2 θ
(1− β2t cos2 θ)2
. (4.4)
The squared helicity amplitude mediated by scalar unparticle is written by
|MSU(gg → tγ t¯δ)|2 =
(
1
2
)2 ( 1
32 − 1
)2 (32 − 1)3
4
∑
λ1,λ2
|MSU(λ1, λ2; γ, δ)|2, (4.5)
where λi(i = 1, 2) = ±1 are the initial spins of gluons, γ = ±(δ = ±) denotes spin up/down for the
final state top (antitop) quark. The amplitude MSU(λ1λ2 → tγ t¯δ) is the helicity decomposition
of MSU(gg → tγ t¯δ) with respect to the initial spins, given by
MSU(λ1, λ2,±,±) = ±AdUλggmte
ipi(dU−1/2)
sin(dUπ)Λ2dU
sdU−1/2
1 + λ1λ2
2
(aSt βt ∓ ibSt ), (4.6)
MSU(λ1, λ2,±,∓) = 0. (4.7)
For the qq¯ → tt¯ process, we have
|M(qq¯ → tt¯)|2 = |MQCD(qq¯ → tt¯)|2 + |MNC(qq¯ → tt¯)|2, (4.8)
where MQCD and MNC are the amplitudes of the QCD and the neutral current processes,
respectively. The helicity decomposition of MQCD with respect to the final state is given by
|MQCD(qq¯ → t↑t¯↑)|2 = |MQCD(qq¯ → t↓t¯↓)|2 = g
4
s
9
(1− β2t ) sin2 θ, (4.9)
|MQCD(qq¯ → t↑t¯↓)|2 = |MQCD(qq¯ → t↓t¯↑)|2 = g
4
s
9
(1 + cos2 θ). (4.10)
The helicity amplitude of MNC is written as
|MNC(qq¯ → tγ t¯δ)|2 =
(
1
2
)2∑
α,β
|MNC(α, β; γ, δ)|2, (4.11)
where MNC(α, β; γ, δ) are the helicity amplitudes and the symbols α(γ) and β(δ) denote initial
(final) spin states for quark and antiquark, respectively. They are described by (color factor is
suppressed)
MNC(+,−;±,±) = ∓s
√
1− β2t sin θ
[
(eQf)(eQt)
s
+
gfR
2
gtL + g
t
R
s−M2Z + iMZΓZ
]
, (4.12)
MNC(−,+;±,±) = ∓s
√
1− β2t sin θ
[
(eQf)(eQt)
s
+
gfL
2
gtL + g
t
R
s−M2Z + iMZΓZ
]
, (4.13)
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MNC(+,−; +,−) = −s(1 + cos θ)
[
(eQf )(eQt)
s
+
gfR
2
(1− βt)gtL + (1 + βt)gtR
s−M2Z + iMZΓZ
]
, (4.14)
MNC(+,−;−,+) = s(1− cos θ)
[
(eQf )(eQt)
s
+
gfR
2
(1 + βt)g
t
L + (1− βt)gtR
s−M2Z + iMZΓZ
]
, (4.15)
MNC(−,+;+,−) = s(1− cos θ)
[
(eQf )(eQt)
s
+
gfL
2
(1− βt)gtL + (1 + βt)gtR
s−M2Z + iMZΓZ
]
, (4.16)
MNC(−,+;−,+) = −s(1 + cos θ)
[
(eQf )(eQt)
s
+
gfL
2
(1 + βt)g
t
L + (1− βt)gtR
s−M2Z + iMZΓZ
]
, (4.17)
with the decay widths of Z boson ΓZ given by
ΓZ = Γ(Z → f f¯) = MZ
96π
∑
f
βf
{
(3 + (βf)2)((gfL)
2 + (gfR)
2) + 6(1− (βf)2)gfLgfR
}
. (4.18)
Here MZ is the mass of the Z-boson and β
f =
√
1− 4m2f/M2Z . Couplings, charges and the decay
widths ΓZ are explicitly given in Appendix A.
Next we calculate the case for the vector unparticle. It contributes to the quark annihilation
process qq¯ → tt¯ in the s, t and u-channels in addition to the Standard Model processes. In
our analysis, we assume no flavor violating processes and therefore we only consider the vector
unparticle exchange in s-channel process. A total amplitude for quark annihilation process is
given by
M(qq¯→ tt¯) = MNC(qq¯ → tt¯) +MQCD(qq¯ → tt¯) +MVU(qq¯ → tt¯), (4.19)
where MNC is the neutral current process, MQCD is the QCD process given in (4.9) and (4.10),
andMVU is the contribution of the vector unparticle. Since there is no interference between the
QCD process and other processes, the squared amplitude is written as
|M(qq¯ → tt¯)|2 = |(MNC +MVU)(qq¯ → tt¯)|2 + |MQCD(qq¯ → tt¯)|2. (4.20)
The helicity amplitude of the neutral current process and the vector unparticle mediated process
is described by
|(MNC +MVU)(qq¯ → tγ t¯δ)|2
=
(
1
2
)2∑
α,β
(
|MNC(α, β; γ, δ)|2 + |MVU(α, β; γ, δ)|2 + (MNCM∗VU(α, β; γ, δ) + h.c.)
)
,
(4.21)
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where MVU(α, β; γ, δ) are the decompositions of the helicity amplitudes MVU(qq¯ → tγ t¯δ) with
respect to the initial spin.
The helicity amplitudes mediated by the vector unparticle MVU(α, β; γ, δ) are given by
MVU(+,−;±,±) = ±sdU−1
√
1− β2t sin θ
AdUe
ipi(dU−2)
2 sin(dUπ)Λ2(dU−1)
cQR
2
(ctL + c
t
R), (4.22)
MVU(−,+;±,±) = ±sdU−1
√
1− β2t sin θ
AdUe
ipi(dU−2)
2 sin(dUπ)Λ2(dU−1)
cQL
2
(ctL + c
t
R), (4.23)
MVU(+,−;±,∓) = sdU−1(cos θ ± 1) AdUe
ipi(dU−2)
2 sin(dUπ)Λ2(dU−1)
cQR
2
(
ctL + c
t
R ∓ βt(ctL − ctR)
)
,(4.24)
MVU(−,+;±,∓) = sdU−1(cos θ ∓ 1) AdUe
ipi(dU−2)
2 sin(dUπ)Λ2(dU−1)
cQL
2
(
ctL + c
t
R ∓ βt(ctL − ctR)
)
,(4.25)
where ctL(c
t
R) is the coupling constant c
Q
L(c
Q
R) in (3.12) with Q = t.
5 Numerical analysis
Here we show various numerical results and demonstrate interesting properties of measurable
quantities. In our analysis we use the parton distribution function of CTEQ6L [24] with the
factorization scale Q = mt = 175 GeV and αs(Q) = 0.1074. In the whole analysis, the center
of mass energy of the colliding protons, ECMS, is taken to be 1.96 TeV at the Tevatron and
14 TeV at the LHC. For simplicity, we fix model parameters as follows: λgg = 1 in (3.6),
aSQ = b
S
Q = c
Q
L = c
Q
R = 1 in (3.10) and (3.12), and Λ = 1 TeV.
As can be seen from the formulas of the squared amplitudes (4.6), (4.22)–(4.25), the cross
sections through the unparticle exchange processes grow or slowly decrease compared the SM
cross sections according to the colliding partons center-of-mass energy. When the cross section
grows as a power of the center-of-mass energy, the unitarity will be violated at high energies.
This behavior is shown, for instance, in Figs. 1 and 2, where the cross sections of the top-antitop
pair production through qq¯ → tt¯ and gg → tt¯ at the parton level, respectively, are depicted as
a function of partons center-of-mass energy Mtt¯. In order to make our analysis conservative, we
take into account the contributions from unparticle exchange processes only for the center-of-mass
energy of colliding partons lower than Λ, namely
√
s =Mtt¯ ≤ Λ.
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The scaling dimension of the unparticle dU is a unique free parameter in our analysis. Since
the Tevatron results for the total cross section of the top-antitop production are consistent with
the SM prediction [28], we can obtain the lower bounds for dU from the Tevatron results. In
Fig. 3 and 4, we present the dependence of the total cross section on dU in the case of the
scalar and the vector unparticles. The solid line corresponds to the model with unparticle while
the dashed line corresponds to the SM value. We find the SM cross section for the top-antitop
pair production at the leading order (LO) as ∼ 5.57 pb, while in the next-to-next LO (NNLO)
analysis the SM prediction is found to be 6.7+0.7−0.9 pb [29]. Scaling our results to the NNLO value,
we estimate the error of the Tevatron measurement as ±1.2 pb and apply this error bar to obtain
the lower bound on dU (see Fig. 4). From the plots, we find that there is no bound on dU(≥ 1)
for the scalar unparticle while dU ≥ 1.2 for the vector unparticle.
With the lower bound on dU from the Tevatron experiment, we now consider the unparticle
effects on top-antitop production process at the LHC. The dependence of the cross section on
the top-antitop invariant mass Mtt¯ is given by
dσtot(pp→ tt¯)
d
√
s
=
∑
a,b
1∫
−1
d cos θ
1∫
s
E2
CMS
dx1
2
√
s
x1E
2
CMS
fa(x1, Q
2)fb
(
s
x1E
2
CMS
, Q2
)
dσ(tt¯)
d cos θ
. (5.1)
Figs. 5 and 6 show the same dependence for the case of the scalar and the vector unparticles.
Here, the decomposition of the total cross section into the like (t↑t¯↑+ t↓t¯↓) and unlike (t↑t¯↓+ t↓t¯↑)
top-antitop spin pairs is also shown.
Now we show the results for the spin asymmetry A as a function of the top-antitop invariant
mass Mtt¯. The plot for the case of the scalar unparticle is shown in Fig. 7 and for the vector
unparticle in Fig. 8. The dependence of A on the value of dU , after integration with respect
to Mtt¯ in the range 2mt ≤ Mtt¯ ≤ ECMS, is depicted in Figs. 9 and 10. The existence of the
scalar unparticle increases the value of A, while the existence of the vector unparticle decreases
expected spin asymmetry. Deviation from the SM becomes larger as the center-of-mass energy
becomes larger and dU becomes smaller. In Figs. 11 and 12, the results for the spin asymmetry A
as a function of the effective cutoff scale Λ are depicted. Again one can see that the scalar(vector)
unparticle gives rise to positive(negative) contribution to A.
Table 1 presents values of the spin asymmetry A and tt¯ total cross section for selected values
11
dU ASU σSU [pb] A(cut)SU σ(cut)SU [pb]
1.01 0.335 502 0.333 501
1.10 0.325 495 0.324 494
dU AVU σVU [pb] A(cut)VU σ(cut)VU [pb]
1.20 0.286 508 0.288 506
3.01 0.318 490 0.318 490
A σ [pb]
SM 0.319 489
Table 1: Spin asymmetry A and tt¯ total cross section for the top-antitop events without the
constraint on the invariant mass (second and third column) and with the invariant mass cut
(fourth and fifth column) in the range Mtt¯ ≤ Λ GeV. The last line shows the SM results.
of dU . Here, A(cut) and σ(cut) denote the results when we take into account the unparticle
contributions only for the range
√
s = Mtt¯ ≤ Λ. For the spin asymmetry A, we see deviation
∼ 5.0% for the allowed value of dU = 1.01 for the model with the scalar unparticle, and ∼ 10%
for the allowed value of dU = 1.20 for the model with the vector unparticle. Note that for a fixed
dU , the deviation of the spin asymmetry from the SM one is always bigger than the deviation of
the total cross sections. With the estimated precision of the measurement around 6% [27], the
size of the deviation from the SM for the vector unparticle could be sufficient for the observation
in the data from the first year of low luminosity LHC run (with integral luminosity L = 10 fb−1).
For higher values of dU , the interactions between the unparticles and the SM are suppressed, and
thus the deviation is very small. In particular, the vector unparticle with the rigid conformal
invariance, where dU ≥ 3, does not give rise to large deviations.
6 Conclusion
We have studied the top-antitop pair production and the top spin correlations with the scalar and
the vector unparticles at the LHC. In addition to the SM processes, there is a new contribution
to the top-antitop pair production process mediated by unparticles in the s-channel. We have
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computed the corresponding density matrix for the top-antitop pair production including the
contributions by the scalar unparticle and the vector unparticle exchanges. The scalar unparticle
contributes to the like spin pair production amplitude through the gluon fusion processes, while
the vector unparticle mainly contributes to the unlike spin pair through the quark annihilation
process.
We have shown various numerical results for the production cross sections and the top spin
correlations with certain values of the scaling dimension dU and the cutoff Λ. We have found a
sizable deviation of the top-antitop pair production cross sections and the top spin correlations
from those in the SM for the scalar and vector unparticle exchange processes with lower values of
the scaling dimensions dU . In particular, for the spin correlation, we have found about 5.0% and
10% deviations of the spin asymmetry from the SM one for the scalar unparticle and the vector
unparticle, respectively. In Ref. [27], it is shown that the spin asymmetry of the top-antitop
pairs in the SM will be measured with a precision of 6% after one LHC year at low luminosity,
10 fb−1. Thus, the deviation of the top spin symmetry by the vector unparticle effects can be
measurable. However, note that it is very rough estimation since the sensitivity of the ATLAS
experiment on the spin correlation published in [27] was estimated selecting low energetic top
quarks with Mtt¯ < 550 GeV. In order to estimate the sensitivity more accurately with a high Mtt¯
region for our case, we need elaborate Monte-Carlo simulations including the detector response.
We leave this interesting subject for future study.
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Appendix
A Couplings and decay widths
The couplings for the SM Z boson:
gνL,1 =
e
cos θW sin θW
1
2
, gνR,1 = 0 , (A.1)
glL,1 =
e
cos θW sin θW
(
−1
2
− sin2 θW (−1)
)
, glR,1 = −e(−1) tan θW , (A.2)
guL,1 =
e
cos θW sin θW
(
1
2
− sin2 θW 2
3
)
, guR,1 = −e
2
3
tan θW , (A.3)
gdL,1 =
e
cos θW sin θW
(
−1
2
− sin2 θW
(
−1
3
))
, gdR,1 = −e
(
−1
3
)
tan θW . (A.4)
The decay width of Z boson:
Γ(Z → νν¯) = MZ
24π
((gνL)
2 + (gνR)
2) , (A.5)
Γ(Z → ll¯) = MZ
24π
((glL)
2 + (glR)
2) , (A.6)
Γ(Z → uu¯) = MZ
24π
3((guL)
2 + (guR)
2) , (A.7)
Γ(Z → dd¯) = MZ
24π
3((gdL)
2 + (gdR)
2) . (A.8)
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Figure 1: The dependence of the cross section of the top-antitop quark pair production by
quark pair annihilation and gluon fusion on the center-of-mass energy of colliding partons Mtt¯
with dU = 1.01 and Λ = 1 TeV. The solid and dashed lines correspond to the results of up-
quark annihilation and gluon fusion for the SM, respectively. The dotted and dash-dotted lines
correspond to the results of the SM (gluon fusion) + the scalar unparticle processes and only the
scalar unparticle contribution.
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Figure 2: The dependence of the cross section of the top-antitop quark pair production by quark
pair annihilation and gluon fusion on the center-of-mass energy of colliding partons Mtt¯ with
dU = 1.01 and Λ = 1 TeV. The solid and dashed lines correspond to the results of the up-
quark annihilation and gluon fusion for the SM, respectively. The dotted and dash-dotted lines
correspond to the results of the SM (up-quark annihilation) + vector unparticle processes and
only the vector unparticle contribution.
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Figure 3: The total cross section of the top-antitop quark pair production as a function of dU
at Tevatron with
√
s = 1.96 TeV and Λ = 1 TeV. The solid curve shows the value of the SM +
scalar unparticle while the dashed line shows the SM value.
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Figure 4: The total cross section of the top-antitop quark pair production as a function of dU
at Tevatron with
√
s = 1.96 TeV and Λ = 1 TeV. The solid curve shows the contribution of the
vector unparticle to the total cross section. The dashed line corresponds to the SM value, and
the dotted lines correspond to the estimated errors from Tevatron measurement.
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Figure 5: Differential cross section (5.1) as a function of the top-antitop invariant massMtt¯ for the
SM + scalar unparticle processes with dU = 1.01 and Λ = 1 TeV. The solid line depicts the result
of the SM and the dashed line depicts the result of the SM + scalar unparticle. Breakdown of
the latter into the like (dotted) and the unlike (dash-dotted) spin pair productions is also shown.
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Figure 6: Differential cross section (5.1) as a function of the top-antitop invariant massMtt¯ for the
SM + vector unparticle processes with dU = 1.20 and Λ = 1 TeV. The solid line depicts the result
of the SM and the dashed line depicts the result of the SM + vector unparticle. Breakdown of
the latter into the like (dotted) and the unlike (dash-dotted) spin pair productions is also shown.
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Figure 7: Spin asymmetry A as a function of the top-antitop invariant mass Mtt¯ with dU = 1.01
and Λ = 1 TeV. The solid line corresponds to the SM, while the dashed line corresponds to the
result of the SM + scalar unparticle.
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Figure 8: Spin asymmetry A as a function of the top-antitop invariant mass Mtt¯ with dU = 1.20
and Λ = 1 TeV. The solid line corresponds to the SM, while the dashed line corresponds to the
result of the SM + vector unparticle.
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Figure 9: Spin asymmetry A as a function of dU for the case of the scalar unparticle with Λ = 1
TeV.
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Figure 10: Spin asymmetry A as a function of dU for the case of the vector unparticle with Λ = 1
TeV.
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Figure 11: Spin asymmetry A as a function of Λ for the case of the scalar unparticle with
dU = 1.01.
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Figure 12: Spin asymmetry A as a function of Λ for the case of the vector unparticle with
dU = 1.20.
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